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Tunneling spectroscopy of a Nb coupled carbon nanotube quantum dot reveals the formation of
pairs of Andreev bound states (ABS) within the superconducting gap. A weak replica of the lower
ABS is found, which is generated by quasi-particle tunnelling from the ABS to the Al tunnel probe.
An inversion of the ABS-dispersion is observed at elevated temperatures, which signals the thermal
occupation of the upper ABS. Our experimental findings are well supported by model calculations
based on the superconducting Anderson model.
PACS numbers: 73.63.Fg, 74.45.+c, 73.23.Hk
I. INTRODUCTION
The proximity effect in a superconductor coupled to
a mesoscopic normal conductor leads to a wide range of
new quantum phenomena. These include Andreev reflec-
tion at normal and superconductor interfaces, the forma-
tion of Andreev bound states (ABS) in confined geome-
tries, and proximity-induced supercurrent flow through
normal conductors.
1–5
The recent experimental detec-
tion of individual Andreev bound states
6,7
as well as
the efforts towards demonstrating Majorana states in su-
perconductor coupled nanostructures devices with strong
spin-orbit interaction
8
received significant experimental
and theoretical interest and opened a new area of re-
search.
Quantum dots (QDs) coupled to superconducting leads
provide an ideal system to test the theoretical predictions
on the interplay of ABS with the Kondo effect.
11
A 0 to pi
junction transition
9
has been reported in S-QD-S systems
by measuring the sign reversal (positive to negative) of
the Josephson supercurrent for even to odd occupation
of the QD.
10,12,13
Theoretical calculations suggest that
this quantum phase transition in the S-QD-S Josephson
junction devices is signaled also by the crossing of two
Andreev levels.
14,15
Depending on the ratio of the Kondo
temperature TK at the center of a Coulomb valley and the
superconducting gap energy ∆, the ABS display a cross-
ing (kBTK ≪ ∆) or a non-crossing (kBTK ≫ ∆) dis-
persion εabs(Vg) as a function of gate voltage Vg. These
predictions have been confirmed by recent experimental
studies using Al-contacted semiconductor quantum dot /
nanowire devices.
11,16–18
It has also been predicted theoretically that there could
be up to four ABS for a single level model in the super-
conducting gap. However the two outer ABS may not be
visible in the transport spectrum since they can merge
with the continuum.
14,19–21
So far most of the experi-
mental studies of ABS formation are limited to Al as
contacts material, which restricts these experiments to
very low temperatures and magnetic fields. Despite these
earlier reports, the study of hybrid nanostructures with
larger gap superconducting elements is required to allow
for a more complete understanding of ABS formation in
these devices.
Here, we report on low temperature tunnelling spec-
troscopy measurements on an individual carbon nan-
otube quantum dot device strongly coupled to a Nb su-
perconducting loop and weakly coupled to an Al tunnel
probe. Two types of ABS are observed in Coulomb val-
leys with different charging energy. In some gate regimes
two pairs of ABS are found within the superconducting
gap. In addition, next to the main ABS conductance
resonance a weaker conductance peak is present, which
is interpreted as quasi-particle tunnelling from the ABS
to the Al tunnel probe. At higher temperatures tunnel-
ing from the thermally populated upper ABS becomes
visible and shows an opposite curvature at the center
of the Coulomb valleys. Calculations based on the su-
perconducting Anderson model are used to describe the
experimentally observed subgap features.
II. EXPERIMENTAL DETAILS
Single wall CNTs are grown on a Si/SiO2 substrate by
chemical vapor deposition using a Fe/Mo based catalyst
and methane as precursor gas. The highly doped Si sub-
strate with 300 nm SiO2 layer serves as a global back
gate. A niobium (3 nm Pd / 60 nm Nb) superconducting
loop and a tunnel probe (1 nm Ti / 60 nm Al) are pat-
terned using standard electron beam lithography on an
individual single wall carbon nanotube (Figure 1(a)). A
3 nm Pd interlayer is used to improve the coupling be-
tween the superconducting fork and the nanotube and
thereby increase the superconducting proximity effect.
For weak coupling of the tunnel probe to the CNT a 1 nm
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FIG. 1: (Color online) (a) Atomic force micrograph of a typ-
ical device. The niobium fork is strongly, the tunnel probe
weakly coupled to the nanotube. (b) Manifestation of ABS
at energies eVsd = ±(εabs + ∆Al): a peak in the differential
conductance is observed when unoccupied (occupied) states
of the tunnel probe are aligned to the energy (∓εabs) of the
lower (upper) state of an ABS pair.
thin Ti adhesion layer is used. Low temperature electrical
transport measurements are performed in a
3
He/
4
He di-
lution refrigerator with heavily filtered signal lines down
to ≥ 28 mK. The differential conductance dI/dVsd of the
superconducting tunnel probe weakly connected to the
nanotube was measured employing conventional lock-in
techniques by adding a low frequency ac excitation volt-
age (Vac = 5µV, f ≃ 137 Hz) onto the dc bias voltage
Vsd. Variation of the back gate voltage gives access to
the ABS spectrum in the CNT-QD.
The device parameters are extracted by measurements
in both the superconducting and the normal conduct-
ing state (by applying a magnetic field) of the contacts.
Corresponding overview plots of the differential conduc-
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FIG. 2: Overview measurements of the differential conduc-
tance dI/dVsd(Vg, Vsd) as function of back gate voltage Vg and
bias voltage Vsd, for (a) B = 0 T and (b) B = 2 T. While the
superconducting energy gap in the contacts is clearly visible in
(a), in (b) superconductivity is suppressed and normal-state
Coulomb blockade behaviour emerges.
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FIG. 3: (a), (b) Differential conductance plotted as a func-
tion of bias voltage Vsd and back gate voltage Vg for two
different gate regimes, (a) Vg ≃ 4.65 V and (b) Vg ≃ 5.44 V.
The sharp resonances are the signature of the Andreev bound
states: a main resonance of high conductance (⭐), a weak
conductance resonance (○) running parallel to the main reso-
nance peak (⭐), and a third additional resonance close to the
gap edge (◇). (c), (d) ABS spectrum calculated using NRG
for a two channel superconducting Anderson model with pa-
rameters Ec = 8∆,Γ1 = 1.85∆,Γ2 = 4∆ and Ec = 9∆,Γ1 =
1.2∆,Γ2 = 4∆, respectively. Inset: schematic representation
of the theoretical model used to describe the main multilevel
features, see text. Two independent transport channels con-
nect the quantum dot with the superconducting reservoir.
tance are shown in Fig. 2. While in Fig. 2(a) at zero
applied magnetic field features pertaining to supercon-
ductivity in the leads dominate transport at low bias, a
magnetic field of B = 2 T restores the typical pattern of
Coulomb blockade in Fig. 2(b). The superconducting gap
of the Nb loop is found to be ∆Nb ≃ 0.450 meV, and for
the Al tunnel probe ∆Al ≃ 0.165 meV and Tc,Al ≃ 1.12 K
are estimated. Typical parameter values of the CNT-QD
are the charging energy Ec ≃ 2.5 − 6 meV, the tunnel
coupling to the leads Γ ≃ 0.5−1 meV, and the coefficient
αg ≃ 0.054 which relates the energies ε = αgeVg of the
quantum dot states to Vg.
III. ANDREEV BOUND STATE FEATURES
Figure 3 shows two details of the stability diagram,
where the differential conductance dI/dVsd is again plot-
ted as a function of bias Vsd and gate voltage Vg, at
base temperature and zero magnetic field. The two pan-
els (a) and (b) correspond to two different gate voltage
ranges exhibiting different charging energies ≃ 4.9 meV
and ≃ 5.7 meV, respectively. Within the superconduct-
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FIG. 4: (a)–(d) Two dimensional differential conductance maps of the tunnel probe as function of tunnel probe bias Vsd and
back gate voltage Vg taken at indicated temperatures. The two subgap resonance lines are the main ABS (⭐) resonance (higher
conductance) and a secondary weaker conductance (○,□) resonance running parallel to the main resonance at T ≲ 200 mK.
Figure (e)-(h) are model calculations that include the effect of populating the upper ABS according to the temperatures in
(a)-(d).
ing gap range ∣Vsd∣ < ∆Nb +∆Al there are three subgap
features: two main resonances of high conductance (⭐,◇), and a weak conductance resonance (○) running par-
allel to the resonance (⭐). Strong peaks in the differ-
ential conductance measurements are expected when an
Andreev level at ±εabs is aligned to the BCS singularity
of the density of states of the tunnel probe (see figure
1(b)). This results in pronounced conductance peaks at
voltages Vsd = (εabs + ∆Al)/e.6 The weak conductance
peak (○) running parallel to the lower ABS (⭐) at lower
bias voltages is understood as a replica of the ABS at low
temperatures (see below).
As already mentioned the ABS (⭐) spectrum for odd
charge states can show non-crossing (Fig. 3(a)) or cross-
ing behavior of the pairs of bound states (Fig. 3(b)),
resulting in a 0-pi quantum phase transition.
11,16
This is
controlled by the ratio TK(Ec,Γ)/∆.11,16,17,22,23 In case
of non-crossing the system always stays in the 0-phase,
i.e. a (singlet) ground state whereas for a zero bias cross-
ing of the ABS the system changes its ground state from
0 to pi-state (magnetic doublet).
Fig. 3(c) and (d) show the ABS spectrum obtained
from the superconducting Anderson model using the nu-
merical renormalization group (NRG) method.
19,20
We
have found that the presence of two pairs of ABS can
be explained by assuming the presence of two nearly de-
generate levels, e.g., resulting from the often lifted KK’-
symmetry that are coupled to two independent channels
in the leads, as schematically drawn in the inset of the
figure. For the case of Fig. 3(a) both channels are in the
0-phase and the ABS exhibit a non-crossing behavior as
correspondingly shown in Fig. 3(c). On the other hand,
in the case of Fig. 3(b) the inner ABS exhibit a loop indi-
cating the transition to the pi-phase, which is accounted
for in the theoretical result of Fig. 3(d) by a larger Ec/Γ
ratio for one of the channels. The U/∆ values were taken
as 8 (Fig. 3(c)) and 9 (Fig. 3(d)) close to the experimen-
tal estimations while the parameters Γ1,2 were chosen to
get a qualitative fit of the experimental results.
IV. TEMPERATURE DEPENDENCE
To understand the origin of the weak replicas of the
inner pair of ABS (○) in our experiment, we investigate
their dependence on temperature. Figure 4(a–d) shows a
detail of the 2D stability diagram in a different Coulomb
valley at the indicated temperatures. In this gate regime,
again a weak conductance resonance (○) running par-
allel to a pair of ABS (⭐) is observed. The apparent
replica of the ABS can be understood if we assume that
the probe DOS is finite at the Fermi energy EF (probe) and
EF (probe) is aligned with the ABS: eVsd(Vg) = ±εabs(Vg).
This level arrangement illustrated in Fig. 5(a). For a
non-superconducting tunnel probe one would expect the
disappearance of the replicas together with a shift in the
main ABS due to the suppression of the probe gap ∆Al.
We have verified this by applying a small magnetic field
(B ≃ 60 mT) that drives the Al tunnel probe into the nor-
mal state: it suppresses the replica and a clear crossing
of the main ABS (⭐) is then present (data not shown).
The main ABS peak (⭐) remains unchanged up to the
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FIG. 5: (Color online) (a) A replica of the lower ABS (○) at
eVsd = ±εabs is observed when the probe DOS is finite at the
Fermi energy EF (probe) and EF (probe) is aligned with the ABS.
(b) At higher temperatures also the upper ABS (□) at +εabs
is thermally populated. In this case a peak at eVsd = ±(∆Al−
εabs) is observed in the differential conductance, where an
unoccupied (occupied) DOS of the tunnel probe is aligned to
a thermally populated upper (lower) ABS.
maximum temperature 1 K investigated in the present
study. The satellite peaks (○) also do not show any sig-
nificant change up to 200 mK. At 400 mK, however, the
dispersion of the gate voltage dependence of the satellite
peaks flattens at the center of CB valley and an addi-
tional conductance resonance starts to emanate from the
main ABS resonance (see the arrow in Fig. 4(b)). At
even higher temperatures > 400 mK, the gate voltage de-
pendence of the satellite peak changes its curvature at
the center of the Coulomb valley compared to the low
temperature (< 400 mK) case.
As illustrated in the schematic of Fig. 5(b), we expect
a peak in differential conductance when the maximum of
the BCS density of states of the tunnel probe is aligned
with the thermally populated upper state. The position
of the secondary peak (□) should then be inverted, and
vary as Vsd(Vg) = ±(∆probe − εabs(Vg)). At interme-
diate temperatures (≃ 400 mK) we observe that quasi
particle tunnelling via both the lower and the thermally
populated upper ABS (Fig. 4(b)) contributes to the cur-
rent. The combined contributions lead to a nearly flat
dispersion of the secondary peak. At higher tempera-
tures (Fig. 4(c,d)) transport of thermally excited quasi-
particles via the upper ABS dominates, which leads to
the opposite curvature of the dispersion in the center of
the Coulomb valley. The slight shift of both the ABS
and their replica towards smaller energies results from
the reduction of ∆Al(T ) as the temperature is increased.
According to our model, the dispersion of all three
types of conductance peak originates from the same dis-
persion relation εabs(Vg). Hence, it should be possi-
ble to collapse the dispersion of the ABS and its repli-
cas at low and high temperature on top of each other
by suitable inversions and shifts. This is illustrated
in Fig. 6, confirming our interpretation: At low tem-
perature T = 30 mK, Fig. 6(a) left panel, we observe
in the differential conductance measurement the main
ABS at eVmain = ±(εabs + ∆Al) and a satellite peak
at eVsatellite = ±εabs. After subtracting the SC gap of
the tunnel probe (∆Al = 0.165 ± 0.005 meV) at 30 mK,
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FIG. 6: (Color online) Left: Bias positions of the main ABS
and its satellite peaks, plotted as a function of gate voltage
Vg for (a) T = 30 mK and (b) T = 800 mK. Right: Plots
combining the data of the left column graphs to demonstrate
that the gate dependence of the peak positions can in each
case be reduced to a single dispersion relation εabs(Vg); see
the main text for details.
the peak position of the main ABS peaks show a good
overlap with the satellite peak (Fig. 6(a), right panel).
At higher temperature T = 800 mK, as depicted in
Fig. 6(b) left panel, the dispersion of the satellite peak
is inverted. Its position follows a relation eVsatellite =±(∆Al − εabs) with gate voltage in the Coulomb block-
ade valley. To verify this gate dependence, we compute
and plot ±[2∆Al − eVsatellite(Vg)] = ±[2∆Al − {∆Al −
εabs(Vg)}] = ±[∆Al + εabs(Vg)] = eVmain(Vg) for a re-
duced ∆Al(800 mK) = 0.14 meV, and find a very good
match with the observed main peak position eVmain(Vg),
see Fig. 6(b) right panel. A similar analysis for other
temperatures also shows an excellent agreement with the
proposed mechanism.
V. SUPERCONDUCTING ANDERSON MODEL
In addition to the measurement results, calculated con-
ductance patterns for a quantum dot structure as de-
scribed here are shown in Fig. 4(e)-(h). The conductance
calculations were performed using a mean field descrip-
tion of the superconducting Anderson model coupled to
two superconducting leads with two different gap param-
eters ∆Nb and ∆Al. As discussed in Ref. 14 the magnetic
phase can be represented within a mean field descrip-
tion by introducing an exchange parameter Eex which
produces a splitting of the dot energy levels for different
spin orientations. In these calculations the coupling to
the Nb superconducting leads is included nonperturba-
tively (i.e. to all orders in perturbation theory) while the
5coupling to the Al probe is introduced to the lowest order
in perturbation theory. This approximation is justified
by the weak coupling strength to the probe electrode,
manifested by the small conductance values experimen-
tally observed (of the order of 0.1e
2/h). More precisely
the conductance was calculated using
G(V ) = eΓp
h
∂
∂V
∫ dE (f(E − V ) − f(E)) ρp(E−V )ρd(E)
where ρp,d(E) are the local densities of states at the
probe electrode and at the dot coupled to the Nb leads,
respectively, f(E) is the Fermi distribution function and
Γp is the tunneling rate from the dot to the probe elec-
trode. While ρd(E) is calculated using the mean field ap-
proximation for the Anderson model coupled to the Nb
superconducting lead as described in Ref. 14, for ρp(E)
we use a standard BCS-like density of states in which
we introduce a phenomenological Dynes-parameter
24
of≃ 0.1∆Al broadening the BCS density of states for the
Al probe.
As can be observed in Fig. 4, the model calculations
give a good description of the evolution of the weak
subgap features with temperature, and once more con-
firm our interpretation in terms of different transport
mechanisms. It should be noted that the only change
in the model parameters when going from Fig. 4(e) to
Fig. 4(h) is due to the reduction of ∆Al(T ) with temper-
ature, while we assume ∆Nb(T ) = const. in this temper-
ature range. The comparatively high value of the Dynes-
parameter is at present not understood. This may be
an effect of the electromagnetic environment,
25
to which
superconducting quantum dot devices are known to be
extraordinarily sensitive.
VI. MULTI-LOOP STRUCTURES AND
NEGATIVE DIFFERENTIAL CONDUCTANCE
A peculiar feature of the present experimental results
are the multiple loop ABS that are observed in a more
extended gate range, as depicted in Fig. 7. As opposed to
the situation considered in Fig. 3(c) and (d), a theoretical
description of such multi-loop features is obtained when
more than one dot level couples to the same channel in
the leads, see the inset of Fig. 7(b). A NRG calculation
considering such a situation with two hybridized levels on
one dot can actually reproduce qualitatively the observed
multi-loop patterns, as shown in Fig. 7(b).
In several of the Coulomb valleys investigated in more
detail the ABS-peaks are accompanied by a pronounced
negative differential conductance (NDC), shown in blue
color in Figs. 3, 4, and 7. NDC features have been pre-
dicted to appear due to the presence of the so-called
Yu-Shiba-Rusinov (YSR) states for a QD with an odd
number of electrons
26
with highly asymmetric coupling
to the leads. YSR-states can be regarded as a variant
of ABS appearing for a magnetic impurity coupled to a
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ABS spectrum calculated by NRG assuming a single chan-
nel in the leads and using the parameters Ec = 4.5∆,Γ1 =
0.5∆,Γ2 = 0.5∆, ε1− ε1 = 4.5∆. Inset: schematic of the NRG
model, see text.
superconductor,
27
and their existence has been experi-
mentally confirmed via scanning tunneling microscopy of
magnetic atoms on superconducting surfaces
28
and QDs
with superconducting leads.
11,26,29,30
VII. CONCLUSIONS
In conclusion, our transport spectroscopy of an indi-
vidual carbon nanotube strongly coupled to wide gap Nb
leads reveals several different types of Andreev bound
state spectra. Weak satellite peaks appear within the
smaller probe superconducting gap which are a result of
quasiparticle tunneling into a residual density of states
within this gap. At higher temperature these satellite
peaks change their dispersion as a function of gate volt-
age due to the thermal population of the upper state of
an ABS pair. Our findings are well reproduced within the
superconducting Anderson model in terms of combined
NRG and mean field calculations. More efforts in this
direction could be helpful also to discriminate Majorana
bound states in similar hybrid nanostructures from other
states at zero energy.
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